Quantitative interpretation of functional im ages (PET or SPECT) is hampered by poor spatial reso lution, low counting statistics, and, for many tracers, low contrast between different brain structures of interest. Furthermore, normal tracer distributions can be severely disrupted by such gross pathologies as stroke, tumor, and dementia. Hence, the complementary anatomical infor mation provided by CT or MRI is essential for accurate and reproducible regional analysis of functional data. We have developed methods for the simultaneous three dimensional display and analysis of image volumes from MRI and PET. A general algorithm for defining the affine transformation between two equivalent point ensembles has been adapted for the purpose of registering MRI and PET image volumes by means of a simple fiducial ar-Abbreviations used: AC-PC, anterior commissure-posterior commissure; CT, computed tomography; FDG, fluorodeoxyglu cose; MRI, magnetic resonance imaging; PET, positron emission tomography; rms, root mean square; VOl, volume of interest.
The problem of quantitative regional analysis of positron emission tomography (PET) data from the human brain has been discussed at length (Bajcsy et aI. , 1983; Bohm et aI. , 1983 Bohm et aI. , , 1985 Dann et aI. , 1988; Evans et aI. , 1988 Evans et aI. , , 1989 Valentino et aI. , 1988; Marrett et aI. , 1989; Pelizarri et aI. , 1989) . PET im ages offer imprecise anatomical information be cause of poor spatial resolution, poor statistics, or because the tracer distribution does not adequately reflect underlying anatomical variation. These problems are often exacerbated when imaging pathological brain, where extensive disruption of normal functional patterns can occur. Hence, accu rate and reproducible analysis of different types of PET image requires additional information from the structural imaging modalities of magnetic resonance imaging (MRI) or computed tomography (CT).
In previous work (Evans et aI. , 1988) , we devel oped procedures for the registration of MRI and PET image planes using fiducial markers for patient setup. We also implemented a method for transfer ring the MRI anatomical information to the PET analysis via a computerized brain atlas that is mod ified interactively, plane by plane, to fit each sub ject's brain. That methodology required careful planning to obtain matched planes from MRI, PET, and the brain atlas. In this report, we describe our implementation in three dimensions of two major steps in correlative analysis: (i) registration of ana tomical and functional image volumes by applica tion of an algorithm to minimize the mean-square distance between equivalent points in the two vol umes, and (ii) the segmentation of the image vol umes by means of an interactively adjustable three dimensional volume-of-interest (VOl) atlas derived from contiguous 2 mm thick MRI image planes.
METHODS

Data collection
PET. Initial PET studies were carried out on the Therascan 3128, a three-slice scanner with a three dimensional resolution of 12 x 12 x 12 mm and an inter slice separation of 12 mm (Cook et ai., 1984) . Typically, six interleaved scans yielded 18 planes separated by 6 mm. Recent data were acquired with a new Scanditronix PC-2048B system with 15 slices and three-dimensional resolution of 5 x 5 x 7 mm. Data were reconstructed as 128 x 128 or 256 x 256 matrices with 2 mm or 1 mm square pixels, respectively. Phantom measurements indi cated no significant distortion over the imaging field of view. PET images were obtained using the F-18 labeled fluorodeoxyglucose (FDG) methodology (Phelps et ai., 1979; Reivich et ai., 1979) or e8F]fluoroDOPA, a tracer for D 1• 2 dopaminergic neurotransmission (Garnett et ai., 1983; Guttman and Caine, 1988) .
MRI. All MRI studies were performed on a Philips Gy roscan 1.5 T superconducting magnet system. Using three-dimensional spin-echo acquisition, 64 nonover lapped Tcweighted (TR = 400 ms, TE = 30 ms) image planes were collected at 2 mm intervals over the whole brain. MRI data were stored as 256 x 256 images with I mm square pixels. Measurements of the dimensions of an MRI calibration phantom indicate negligible distortion through the central portion of the MRI imaging field (Drangova, 1987) .
Computing. All images were reconstructed on local VAX systems and transferred via Ethernet to the Neu roImaging Laboratory. For analysis, PET images were expanded by pixel copying to a 256 x 256 format. The three-dimensional imaging systems used were a PIXAR-l and a T AAC-l, hosted by a SUN 3/ 180 and 3/280, respec tively. Applications software, detailed later, was written in C using commercial volume image processing libraries with extensive local development (Evans et ai., 1989; Marrett et ai., 1989) .
Image volume registration
To obtain registration of the MRI and PET image vol umes, a three-dimensional image processing package was developed (Evans et ai., 1989 ) that allows (a) arbitrary rotation, translation, and scaling of image volumes; (b) independent manipulation of a volume with respect to another, simultaneously displayed, volume; (c) interac tive identification of equivalent three-dimensional points in two image volumes via cursor; (d) linear least-squares optimization to calculate the affine transformation that minimizes the root-mean-square (rms) distance between two ensembles of paired points; (e) oblique sectioning through a volume using trilinear, quadratic, or cubic spline interpolation; and (f) compositing of two image vol umes by opacity weighting.
The registration procedure requires two sets of equiv alent points be defined, one in each volume, and is based on the Procrustes algorithm (Schonemann, 1966; Sibson, 1978; Golub and Van Loan, 1983) . which finds the "best" solution in a least-squares sense by minimizing the rms distance between all paired points.
In addition to the rigorous computational approach, the display software allows for an iterative, interactive regis tration procedure. Any three cardinal planes can be se lected through each of the MRI, PET, and MRIIPET com posite images and the nine resultant images displayed si-J Cereb Blood Flow Metab, Vol. 11, Suppl. 1, 1991 multaneously. One image volume, usually MRI, can be transformed by specification of a set of rotation, transla tion, or scaling operators. The volume is then resampled along the PET planes and the display updated. Two image volumes can thus be brought into approximate alignment, simplifying the process of identifying equivalent points in the two volumes. The generation of matched pairs of points can be obtained in a number of ways, including (a) the attachment of a fiducial framework, (b) interactive identification of equivalent positions in the two volumes using the three-dimensional cursor with the volume processing software, or (c) the use of a subset of the entire brain atlas, customized to the MRI volume, over laid approximately on to the PET volume and then inter actively adjusted at specific locations where the PET data. emission or transmission, provide some anatomical cue.
Simulation studies
In order to determine the number of pairs and the ac curacy of point localization needed to obtain a given ac curacy in registration, simulation studies were performed as follows : (a) generate ran dom Cartesian coordinates for N points in set A; (b) apply a random transformation T to produce set B; (c) displace each point in set B randomly in three dimensions using a three-dimensional Gaussian error envelope of standard deviation O"e to produce a noisy set Be; (d) apply the point matching algorithm to find the transformation Te-1 to best register set Be with A; (e) apply T; 1 to noise-free set B to obtain set C; (f) calculate the average distance D between equivalent points in sets C and A; and (g) repeat the pro cedure for different N, and for each value of N, perform 50 repeat simulations and obtain a mean D, and then plot mean D vs. N.
The resultant curves characterize the behavior of the point-matching algorithm and indicate the number of point pairs needed to obtain a given level of registration accuracy in the presence of a given level of uncertainty in identifying equivalent points.
Fiducial apparatus
The point-matching algorithm requires a set of equiva lent points from the two image volumes. We are presently investigating one method of defining those points with a simple fiducial structure involving little discomfort for pa tients and volunteers. Figure 1 shows a schematic repre sentation of the fiducial attachment. A set of thin cathe ters mounted on elastic straps, one catheter per strap, in a cap arrangement are pulled over the head and held in place by elastic chin straps and Velcro fastenings. The tubes are filled with 5 mM CuS04 and 5 f.LCi/cc of 68Ge in a total of 3 cc, to be visible in both PET and MRI modal ities. One tube is placed around the circumference of the head and two other tubes follow the head contour at ap proximately midsagittal and midcoronal positions. The apparatus is further held in place by overlaying a Lycra swimming cap before the subject ' s head is placed in a customizable foam mould for the duration of the study. The tubes intersect at five points (one at the apex, four around the circumference), any of which may be selected as an origin for subsequent registration procedures. As an example. if the forehead intersection is selected, image analysis software allows for the identification of sample points along the two tubes intersecting at that point. In general, these initial samples will not be at equivalent 
VOl atlas construction
The VOl atlas was constructed by converting a finely spaced two-dimensional brain atlas used in the ROI method to a three-dimensional brain atlas. To generate the initi � l contours for each structure on each MRI plane, the subject whose brain was used for the original 6 mm ROI atlas (Evans et aI., 1988) was rescanned using 64 contiguous planes of 2 mm slice thickness. This subject was a 28-year-old male volunteer; the brain was free of majo : asymmetries. The MRI planes were oriented ap proximately parallel to AC-PC (anterior commissure posterior commissure) line. Previous studies (Talairach et al., 1967; Takase et aI., 1977; Tokunaga et aI., 1977) have shown the AC-PC line to be a more accurate reference plane for stereotactic mapping of the normal brain than the orbitomeatal (OM) or canthomeatal (CM) planes. Us ing standard neuroanatomical atlases for reference (Han away et aI., 1980; Kretschmann and Weinrich, 1986 ), a total of 60 distinct zones, shown in Table 1 , were identi fied in each hemisphere by one of us (J. T.) for inclusion in the computerized atlas. Each of these structures was outlined for every MRI plane on which it was present. These contours were then converted into an ensemble of closed polyhedra. Each set of contours was processed using a simplified version of well-known tiling algorithms (Christiansen and Sederberg, 1978; Batnitzky et al. 1981) . ' 
VOl atlas manipulation
For analysis, the VOl atlas is customized to the MRI �ata set. This is done in three steps. First, a representa tive sample of anatomical features in the MRI study are matched to corresponding structures in the standard VOl brain set. These points are then used as input to the Pro crustes algorithm, which calculates an affine transform to provide a crude global match of atlas to MRI. Second, local transformations of the VOl atlas are made to refine the fitting. These local transforms are equivalent to those use� in the first fitting, namely translation, rotation, and scalmg. Fmally, the VOls may be adapted to the individ ual structures by editing surface points of the VOl to match the MRI study. Quantification of the PET study can then proceed by reslicing the customized VOl atlas to yield ensembles of matched ROI data sets that are used in our previously described two-dimensional atlas proce dure. Figure 2 shows the results of the simulation stud ies, plotting the rms error in point matching vs. 
RESULTS
Simulation
'--s-. number of points included in the simulation for in creasing levels of inaccuracy in the identification of equivalent points in the two volumes. The rms error in point matching decreases monotonically as N, the number of paired points, increases. Similar be havior is observed at all levels of measurement er ror U e but the transition occurs at lower N as U e decreases. For U e = 5 mm, the rms residual error is 0.5 mm for N = 15. Figure 3 shows transverse, sagittal, and coronal slices through a matched pair of MRI and FDG im age volumes and through an opacity-weighted com posite of the two. The fiducial apparatus is partially visible in each of the views. In the transverse (top) row, four segments of the crossed tubes appear as a star pattern while the sagittal images show linear segments of these tubes. Arbitrary oblique planes around all axes simultaneously can be generated (Evans et aI., 1989) . Figure 4 shows a composite fluoro-DOPA + MRI image. Figure 5 shows a MRIIFDG composite after each image volume had been volume rendered (Drebin et aI., 1988; Levey, 1988) to enhance surfaces. A series of such frames, taken at incremented angles, is used to generate movie-loop dynamic displays using the PIXAR soft ware library. Figure 6 shows a volumetric rendering of the high-resolution MRI examination used for the VOl atlas. Figure 7 shows the position of the 60 planes J Cereb Blood Flow Metab, Vol. 11, Suppl. 1, 1991 used to generate the new atlas and Fig. 8 shows 16 of those planes. The 60 structures so far defined in the VOl atlas are shown in Table 1 . The initial VOl atlas is shown from various angles in Figs. 9A-D.
Correlated images
VOl atlas
DISCUSSION
A precise knowledge of the individual anatomy of each patient corresponding to physiological signals measured with PET is essential for accurate and reproducible results as well as for a proper under standing of the errors associated with the PET quantification. We have now developed the means to process the MRI and PET data from one subject in a volumetric fashion such that any orientation differences can be overcome by resampling the MRI data along planes parallel to the PET data.
Image volume registration
The simulation results of Fig. 2 indicate that the point-matching algorithm is able to register two data sets of 15 point pairs with a rms error of 0.5 mm when the rms inaccuracy in identification of identi cal points U e is 5 mm or less. This tenfold error reduction indicates that the algorithm is robust against randomly distributed inaccuracies in the lo cation of equivalent three-dimensional points in the MRI and PET volumes. The inherent superiority of MRI for imaging anatomy dictates that most of the uncertainties will reside in the interpretation of the PET image. For situations where the PET image is inadequate for this purpose, fiducial markers can be employed. The fiducial apparatus may take many forms. The one described here was chosen for rea sons of simplicity at setup time and patient comfort. The lack of rigidity of the elasticated structure al lows it to be applied almost universally at the risk that a tube may shift between MRI and PET stud ies. The customized head mould grips the whole head plus cap, and for sequential MRI/PET studies where the mould is not removed between studies, this risk is minimized. If the cap is removed, then the locus of the tubes must be marked for subse quent repositioning.
We are presently evaluating the potential of the VOl atlas in combination with the PET transmis sion scans instead of the emission scans, for defin ing the required MRI-PET registration. While lack ing significant gray/white contrast, these images have a spatial resolution of approximately 10 mm and contain details of the skull, cortical rim, and sinuses. The independence of the transmission im age on the vagaries of tracer distribution should in troduce greater methodological reproducibility into the registration process.
In related work, Pelizarri and co-workers (1989) used edge-detection methods to define the edge of the skull/skin. The contours of the higher-resolution modality images are interpolated axially to generate a "head" surface. The lower-resolution contours are sampled to generate a set of "hat" points and the algorithm minimizes the mean distance between "hat" points and the "head" surface. The method yields residual rms distances between "hat" points and "head" surface in MRI-PET correlation stud ies on the order of 1-2 mm. The method differs from that described in this work in that it performs a point-to-surface minimization operation whereas the Procrustes algorithm performs a point-to-point minimization. The methods cannot be compared di rectly in terms of residual error since, for example, a "hat" point may be moved parallel to the adjacent "head" surface without affecting its distance from that surface. The point-to-point mapping approach uses more specific constraints at the expense of re quiring that equivalent points first be identified. Lo calization errors will vary among investigators and with the resolution of the PET scanner. With our older scanner (resolution of 12 x 12 x 12 mm) and the FDG tracer, we previously observed (Evans et aI. , 1988 (Evans et aI. , , 1989 ) arms three-dimensional localization error of 8. 8 mm without the aid of an ROI atlas and 3. 5 mm with the atlas. These results indicate that 5 mm is a reasonable estimate of rms positional un certainty. With the resolution of present PET sys tems (5 x 5 x 7 mm), we expect to see further improvements in localization. 
Image volume segmentation
MazzioUa and Koslow (1987) summarized the proceedings of a series of international workshops aimed at identifying present obstacles in the quan tification of regional cerebral function. One major target identified was the creation of a three-dimen sional brain atlas. The present work, both in two dimensions (Evans et aI. , 1988) and now in three dimensions, is a direct response to those needs. Other investigators have used a standardized ROI atlas similar to that developed at our institution and now extended to three dimensions. Bajcsy and co workers (Bajcsy et aI., 1983; Dann et aI. , 1988) and Bohm et ai. (1983 Bohm et ai. ( , 1985 have developed brain at lases in which deformations can be applied using a variety of distortion parameters. These approaches are applicable for normal anatomical variation but are not designed to account for abnormal structures such as tumors, abscesses, strokes, and hemor rhages. The present interactively adjustable VOl methodology was developed specifically with these problems in mind. Also, when applying the meth odology to normal brain, the atlas can be readily converted to proportional coordinates (Talairach et aI. , 1967; Fox et aI. , 1985) by specification of the major axes of that coordinate frame within the in dividual brain under study.
A major impetus for the present work was the need for an ensemble of ROI templates at different orientations to be used with our existing two dimensional procedures (Evans et aI., 1988) . For internal consistency, the individual two-dimen sional atlases must be generated from the same three-dimensional VOl set. We have now demon strated the feasibility of creating the three-dimen sional atlas suitable both as a master data set for the generation of ROI templates at any angle and offset through the brain and as a means of extracting vol umetric metabolic averages directly from image vol- umes. Previous investigations (Evans et aI. , 1988) of the atlas method in two dimensions indicated a two-to threefold improvement in the precision of regional functional extraction compared with direct ROI analysis of the PET image in a situation where the PET image (normal FDG) correlated well with underlying anatomy. We anticipate that, particu larly for less anatomically informative PET images, the imposition of axial continuity inherent in the VOl atlas will further improve that precision.
Two issues of some expressed concern with anat omy-based VOl analysis are (i) the validity of val-J Cereb Blood Flow Metab, Vol. 11, Suppl. 1, 1991 ues obtained from structures having dimensions comparable with or smaller than the full width at half-maximum (FWHM) of the imaging system, and (ii) the comparability of numbers obtained from VOls of different sizes. The signal from small struc tures is inherently contaminated with signal from adjacent structures as a result of the finite resolu tion of the imaging process. The extent of this con tamination present is a complex function of ROI shape, brain structure shape, and image resolution, all in three dimensions. Since brain regions are in general irregular, simple geometric VOls (spherical or cubic) are no less susceptible to variable contam ination than a more irregular shape and confer no particular advantage in the measurement of the true regional activity. In the absence of noise, the best estimate of this activity, i. e., most free from cross contamination, is that from a single pixel centered in the region. Larger VOls are used only to over come stochastic error and not to obtain a measure ment with higher signal recovery for the region cen tered beneath the VOL Hence, the choice of VOl dimension is a tradeoff between image noise and signal bias. The use of anatomy-based VOls seeks to reduce noise by maximizing the number pixels included within a VOl for a given degree of signal bias by following the anatomical borders apparent on a matched MRI scan. The degree of bias ac cepted can be reduced, and signal noise increased, by ignoring border pixels or thresholding (Evans et aI. , 1988) . Of course, such an approach still as sumes, like any ROINOI analysis, that the struc ture being sampled has functional homogeneity within the VOl boundary. The validity of a given regional value, then, is predominantly determined by the data acquisition and reconstruction process. The presence of small VOls in an atlas does not imply that the regional values obtained therefrom are in any sense freed from that cross-contamina tion process or that they may be used without due regard to the quantification limits imposed by the imaging physics (Hoffman et aI., 1979 (Hoffman et aI., , 1982 Mazzi otta et aI. , 1981; Kessler et aI. , 1984) . However, the use of accurate neuroanatomical dimensions pro vides the best signal, in terms of noise and signal bias, obtainable under the circumstances and a method of assessing the degree of contamination or signal loss. The investigator must still consider this signal recovery (Mazziotta et aI. , 1984) and the method of data reduction, e. g. , absolute quantifica tion, semiquantitative left-right hemisphere re gional comparison, and pattern analysis, when de ciding whether or not to include specific brain re gions in a quantitative analysis.
The present VOl atlas represents one implemen tation of a flexible VOl definition and manipulation methodology. Additional VOls or subdivisions of existing VOls can be readily incorporated. In par ticular, we plan to implement a functional neuro anatomical segmentation scheme to complement the present anatomical segmentation.
